We present an efficiency scaling study of optical rectification in cryogenically cooled periodically poled lithium niobate for the generation of narrowband terahertz radiation using ultrashort pulses. The results show an efficiency and brilliance increase compared to previous schemes of up to 2 orders of magnitude by exploring the optimal pump pulse format at around 800 nm, and reveal saturation mechanisms limiting the conversion efficiency. We achieve >10 −3 energy conversion efficiencies, μJ-level energies, and bandwidths <20 GHz at ∼0.5 THz, thereby showing unprecedented spectral brightness in the 0. An increasingly wide variety of applications in fundamental sciences and advanced technologies makes use of coherent terahertz waves, mainly due to their ability to stimulate distinct structural dynamics and properties of matter, such as interand intramolecular excitations [1, 2] , ultrafast phase-changes [3], chirality switching [4], or molecular orientation and alignment [5], among others. Many of these applications demand the development of narrowband terahertz radiation sources because they can select, switch, or control processes in distinctly defined frequency bands. A well-established source for narrowband and tunable terahertz emission is the gyrotron, a device capable of delivering MW-level terahertz power in cw operation up to ∼200 GHz. When pulsed, gyrotrons typically emit pulses as short as nanoseconds at Hz repetition rates, thereby restricting their use to slow or static processes. In the pursuit of accessing future novel ultrafast applications, such as timeresolved microscopy [6] or electron acceleration [7] , the promise of generating efficient high-field, narrowband, tunable, and ultrafast terahertz radiation lies in laser-based techniques. Generation methods include optical parametric oscillation (OPO), difference frequency generation (DFG) with two distinct narrowband lasers, and optical rectification (OR) of a single broadband pulse (or intrapulse DFG) in periodically poled (PP) crystals. Previous DFG work has proven successful through different schemes in achieving optical-to-terahertz energy conversion efficiencies in the order of ∼10 −5 [8, 9] . OPOs have demonstrated slightly better conversion efficiencies [10] , but cast doubt about their frequency and bandwidth tunability, with difficulty in reaching bandwidths narrower than a few hundreds of GHz in the lower terahertz frequency regime [11] . Recent work in seeded parametric generation in bulk lithium niobate has shown remarkable progress on wide-tuning-range terahertz generation with efficiencies up to 10 −4 [12] .
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Alternatively, OR in PP crystals was also demonstrated to produce frequency and bandwidth tunable terahertz radiation [13] [14] [15] [16] . Here, a broadband optical pulse is rectified by a quasi-phase matched (QPM) material with alternating sign of second-order susceptibility χ 2 [17] , which enhances conversion efficiency by achieving longer interaction lengths in collinear geometries. In this process, the down-converted central terahertz frequency (ν 0 ) is primarily determined by the domain period (Λ) and the angle of observation (Θ) (defined as the angle relative to the normal of the lateral surface), and to a lesser extent by temperature (T ) tuning via temperature dependent index of refraction (∂n∕∂T ). That is, the second-order polarizability results in terahertz emission with forward (Θ π∕2), backward (Θ −π∕2), and perpendicular (Θ 0) components relative to the direction of the pump k-vector at a frequency given by
where c is the speed of light in vacuum, and n p and n THz are the group index of the pump and refractive index of the terahertz wave, respectively. The frequency ν 0 can be tuned via poling period and/or temperature tuning. The shape of the generated terahertz waveform is influenced by the domain structure of the PP crystal. The relative spectral bandwidth (Δν 0 ∕ν 0 ) decreases by increasing the number of domains (N ) [15] . Previous experimental demonstrations of this technique used femtosecond pump pulses in periodically-poled lithium niobate (PPLN) [13] and lithium tantalate [15] . At higher frequencies, where terahertz absorption is strong, surface emission was proposed in order to shorten the terahertz travel path inside the material while maintaining its longitudinal length [14] . OR in PP crystals has the potential of producing highenergy terahertz pulses with narrow bandwidth. In this Letter, we demonstrate an efficiency increase of about 2 orders of magnitude compared with data from previous OR experiments in PP crystals reporting conversion efficiencies of 10 −5 [13, 15] . Here, the optimization strategy consists of the following: (i) reducing the terahertz absorption of lithium niobate by cryogenic cooling; (ii) optimizing the pump pulse bandwidth; and (iii) exploring the impact of crystal length on efficiency saturation. To reveal design strategies, we conduct systematic measurements of the extracted terahertz power, energy, and efficiency, as well as the temporal waveform and corresponding spectrum as a function of five characteristic parameters, namely, average intensity (I ) [defined as the energy inside the crystal divided by the temporal pulse duration (Gaussian FWHM) and beam mode area (πw 2 )], bandwidth (Δλ), geometric crystal length (L), domain period (Λ), and temperature (T ).
As illustrated in Fig. 1 , we employ compressed pulses from a Ti:sapphire laser amplifier. The system outputs mJ-level pulses at 1 kHz repetition rate at a wavelength of around 800 nm. A variable slit in the grating-pair compressor controls the bandwidth, ranging approximately between 3.5 and 10 nm. All QPM structures are made of 5 mol. %-doped congruent z-cut PPLN crystals. Each crystal is chromium-coated on all lateral surfaces and placed in a cryostat chamber pressure-connected to a LN 2 dewar. The temperature is measured using a silicon diode sensor glued to the crystal surface. At the PPLN input facet, the mode profile of the pump is 2.7 mm in diameter at 1∕e 2 . The terahertz radiation exits the cryostat chamber through a 3.5 mm thick polymethylpentene (TPX) window. The chamber pressure level is lower than 10 −5 mbar. The extracted radiation is collected and transported through two 90-deg off-axis parabolas with 2 00 apertures and NA 1 in a 4f -configuration. At the terahertz image plane, the temporal waveform of the extracted terahertz spectrum is measured through electro-optic (EO) sampling in 0.5 mm-thick ZnTe using a small fraction of the pump beam as the EO probe. At the same image plane, albeit not depicted in Fig. 1 , the extracted terahertz power is measured with both a pyroelectric detector (Gentec-EO Model THZ-B) and a calibrated thermal power sensor (Ophir-Spiricon Model 3A-P-THz). In the following, the reported efficiency is directly calculated from the measured power without compensating for Fresnel losses at the PPLN output facet (∼45-48%) or transmission losses through the TPX outcoupling window (∼18-22%). Note that a through-hole in the first collecting parabola serves as an outlet for the pump beam. The beam is then collected by an integrating sphere fiber-coupled to an optical spectrum analyzer to monitor the pump spectrum shaped by the inherent down-conversion of OR.
In the first set of measurements, we study the effect of crystal temperature. Cryogenic cooling is known to reduce the terahertz linear absorption of lithium niobate [15] . This reduction is relevant in QPM structures, since longer nonlinear interaction lengths may enhance conversion efficiency before absorption imposes limitations. As shown in Fig. 2(a) , we measure a fivefold increase in extracted energy from the same PPLN crystal Letter (L 5 mm and Λ 212 μm) when reducing its temperature from 295 K to 100 K. In this data set, the PPLN is pumped with the full laser bandwidth of about 10 nm. The peak emission frequency corresponding to the 295 K spectrum [ Fig. 2(b) ] is 520 GHz, while at 100 K it shifts to 559.4 GHz, due to the change in refractive index with temperature. As shown in Fig. 2(b) , the backward-propagating terahertz spectral components (i.e. counter-propagating w.r.t. the pump k-vector) emerge around 200 GHz, most notably at lower temperatures because of the reduced absorption. Figures 2(c) and 2(d) show the temporal waveforms retrieved by EO-sampling at 295 K and 100 K, respectively. The normalized temporal waveforms are color-overlaid in the forward-(magenta) and backward-propagating (blue) components with their relative field strengths. Higher terahertz absorption at room temperature severely weakens the EO-sampled backward-propagating wave [ Fig. 2(c) in blue] . Conversely, at cryogenic temperatures [ Fig. 2(d) ], the back-propagating waves, which are detected simultaneously (Fig. 1) , are again prominently visible at ∼58 ps, a delay with respect to the forward-propagating wave that corresponds to the reflection of the backward-propagating wave at the entrance facet of the PPLN and then propagating over one entire crystal length before it exits its output facet.
The bandwidth of the pump has a strong effect on the amount of energy transferred into the fundamental QPM terahertz wave. Previous analytical studies have already shown efficiency tradeoffs between pump fluence and bandwidth [17] , resulting in efficiencies peaking at about 4 nm bandwidth in the current range of parameters. For a given terahertz frequency (determined by Λ), the spectral bandwidth of the pump laser must support the right frequency spacing for down-conversion. For bandwidths smaller than the optimum, there are not enough photon pairs at the right frequency spacing. For bandwidths larger than the optimum, dephasing effects take place as well as energy transfer into odd harmonics of the fundamental terahertz wave due to high grating harmonics of the poling. We investigate the efficiency (η) extracted from the same PPLN crystal (L 5 mm; Λ 212 μm; T 100 K) at around 500 GHz as a function of the bandwidth of the 800 nm pump pulse. Figure 3 (a) shows the energy efficiency curves corresponding to different pump bandwidth as a function of pump intensity. These results are depicted in Fig. 3(b) for a fixed intensity of 50 GW∕cm 2 . A maximum energy conversion efficiency of 0.12% is achieved at around 6.5 nm. The increase in opticalto-terahertz energy transfer is also observed in the red-shifted pump spectrum [ Fig. 3(c) ]. This few-nm red-shift arises from cascaded down-conversion of optical photons, which undergoes more cascaded cycles as the process becomes more efficient.
At cryogenic temperatures, the terahertz absorption coefficient at around 0.5 THz is sufficiently small (as shown in Fig. 2 ) that the conversion efficiency benefits from longer crystal lengths (L). Longer L with same Λ (L N Λ) would also yield emission with narrower linewidth, since Δυ ∝ N −1 . However, it is expected that the interplay between the pump intensity I and L may limit the down-conversion process. For instance, self-focusing and self-phase modulation may act upon the spatiotemporal phase of the pump pulse at sufficiently high intensities. The roles of these and other mechanisms need further investigation.
In order to investigate the effect of crystal length, we measure the terahertz energy and efficiency with respect to pump intensity for three different crystal lengths (L 5, 10, 20 mm) and same domain period (Λ 212 μm) at 100 K. As shown in Fig. 4(a) , the terahertz energy increases monotonically with pump intensity for all three L values. The 20 mm PPLN shows saturation of the conversion efficiency [ Fig. 4(b) ], which is more pronounced compared with the two other PPLNs. The scaling trend of the efficiency curve is best for the 5 mm crystal, and begins to roll off at intensities of about 30 GW∕cm 2 . Note that in this regime the photogenerated carrier concentrationwhich can severely absorb terahertz radiation-due to three photon absorption in lithium niobate is negligibly small [18] . Also, the pump power is 2 orders of magnitude above the critical power for self-focusing of about 10 MW, and there should be significant self-phase modulation due to large B-integral values. These nonlinear effects deteriorate the quality of the pump towards the end of the crystal (not shown). This may limit efficiency scaling using longer crystals due to a deteriorated pump where terahertz waves propagate with nonnegligible absorption. Such effects unfold in the measured temporal waveforms (Fig. 2) . At room temperature, the trailing part of the waveform-which is generated first in the process-decays as expected, due to linear absorption in the PPLN. Without spatiotemporal beam distortions, the leading part of the waveform ought to reach the highest field amplitude, since it is generated last. However, the measurements show that the field amplitude also decays at the leading edge at cryogenic temperatures [ Fig. 2(d) ]. The amplitude decay at the leading part of the waveform confirms that the down-conversion process becomes inefficient towards the end of the crystal due to distortions of the pump beam.
Exploiting the low absorption coefficient of lithium niobate at cryogenic temperatures and optimizing the pump bandwidth permits terahertz generation with η of 10 −4 to 10 −3 , ν 0 in the 0.1-1 THz range and Δν from 10 to 100 GHz. Figure 5 exemplifies this capability with spectra acquired employing 10 mmlong PPLNs with different poling periods. Table 1 provides a more complete overview of measured parameters for different L and Λ. There the terahertz linewidths are the FWHM values of Lorentzian line-shape fits of the spectral amplitude.
In conclusion, we have scaled the conversion efficiency of narrowband terahertz generation in PPLN to above 10 −3 in the sub-THz frequency range. These results were achieved by rectifying high peak-power ultrashort pulses. At frequencies of around 0.5 THz, pumping of cryogenically cooled PPLN crystals with optimized spectral bandwidth (6-7 nm for 800 nm pulses) resulted in 0.12% efficiency and more than 1 μJ of terahertz pulse energy. Based on the current experiment and crystals used, it appears that extending the crystal length beyond 10 mm is disadvantageous for efficiency scaling due to limitations imposed by the combination of terahertz absorption and spatial-temporal distortions of the pump. Detailed causes of such distortions are subject of ongoing research. 
